Unusual electronic and vibrational properties in the colossal
  thermopower material FeSb$_2$ by Homes, C. C. et al.
Unusual electronic and vibrational properties in the
colossal thermopower material FeSb2
C. C. Homes,1, ∗ Q. Du,1, 2 C. Petrovic,1, 2 W. H. Brito,1 S. Choi,1 and G. Kotliar3
1Condensed Matter Physics and Materials Science Division,
Brookhaven National Laboratory, Upton, New York 11973, USA
2Department of Materials Science and Chemical Engineering,
Stony Brook University, Stony Brook, New York 11790, USA
3Department of Physics and Astronomy, Rutgers,
The State University of New Jersey, Piscataway, New Jersey 08854, USA
The iron antimonide FeSb2 possesses an extraordinarily high thermoelectric power factor at low
temperature, making it a leading candidate for cryogenic thermoelectric cooling devices. However,
the origin of this unusual behavior is controversial, having been variously attributed to electronic
correlations as well as the phonon-drag effect. The optical properties of a material provide in-
formation on both the electronic and vibrational properties. The optical conductivity reveals an
anisotropic response at room temperature; the low-frequency optical conductivity decreases rapidly
with temperature, signalling a metal-insulator transition. One-dimensional semiconducting behavior
is observed along the b axis at low temperature, in agreement with first-principle calculations. The
infrared-active lattice vibrations are also symmetric and extremely narrow, indicating long phonon
relaxation times and a lack of electron-phonon coupling. Surprisingly, there are more lattice modes
along the a axis than are predicted from group theory; several of these modes undergo significant
changes below about 100 K, hinting at a weak structural distortion or phase transition. While the
extremely narrow phonon line shapes favor the phonon-drag effect, the one-dimensional behavior
of this system at low temperature may also contribute to the extraordinarily high thermopower
observed in this material.
Introduction. FeSb2 crystallizes into an orthorhombic
structure with two formula units per unit cell, as shown
in Fig. 1(a). Despite this simple structure, there are two
moieties of FeSb2 crystals, those with a putative metal-
insulator transition (MIT) in which the dc conductivity
along the b axis first increases below room temperature,
reaching a broad maximum at about 80 − 100 K, be-
fore decreasing dramatically as the temperature is fur-
ther reduced[1], and a second class of materials without
a MIT in which the dc conductivity immediately begins
to decrease as the temperature is lowered [1–4], as shown
in Fig. 1(b), for the two types of crystals examined in
this work. Both classes of materials have a high ther-
moelectric power factor at low temperature; however, it
is extraordinarily high in the materials with a MIT[1].
The thermoelectric efficiency is given by the dimension-
less figure of merit ZT = σS2T/κ, where σ, S, T , and
κ are the conductivity, Seebeck coefficient, temperature,
and thermal conductivity, respectively; the thermoelec-
tric power is simply S2σ; in FeSb2 the Seebeck coefficient
may be as high as S ' −45 mV K−1 at low temperature,
resulting in the highest power factor ever recorded [2].
In general, there are two strategies for increasing ZT ;
reduce κ or increase the power factor S2σ. However,
because the source of this large thermoelectric response
is not entirely understood, with electronic correlations
[1–11], as well as the phonon-drag effect [11–15], having
been proposed, it is not clear which approach offers the
best chance of success.
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Figure 1. Structural and transport properties of FeSb2. (a)
The crystal structure of FeSb2 in the orthorhombic Pnnm
(58) setting is shown for an a–b face, with the c axis facing
into the paper; there are two formula units per unit cell. The
orthorhombic unit cell dimensions are roughly 5.83, 6.53 and
3.20 A˚ for the a, b, and c axis, respectively[16]. The fractional
coordinates are Fe (0, 0, 0) and Sb (x, y, 0), with x = 0.1885
and y = 0.3561. Each Fe atom sits at the center of a de-
formed octahedra which share edges along the c axis. (b)
The dc conductivity along the b axis, determined from the dc
resistivity σb = 1/ρb, is shown for the crystal that displays
a MIT, and one that does not. The dc transport properties
have been measured on the same samples that the optical
measurements were performed.
The complex optical properties yield information
about both the electronic and vibrational properties of
a material, and can offer insights into the origin this un-
usual behavior. The real part of the optical conductivity
is particularly useful as it yields information about the
gapping of the spectrum of excitations in systems with a
MIT, and in the zero-frequency limit, the dc conductivity
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Figure 2. The optical conductivity of FeSb2. (a) The temper-
ature dependence of the real part of the optical conductivity
for light polarized along the a axis. Inset: the conductivity
shown over a wide energy range. (b) The temperature depen-
dence of the optical conductivity for light polarized along the
b axis. As the temperature is reduced the low-frequency con-
ductivity decreases dramatically revealing a step-like feature
at ' 600 cm−1; three narrow infrared-active lattice modes all
lie below this energy. The points on the conductivity axis
correspond the values for σdc measured along this direction
in a sample without a MIT and normalized to the extrapo-
lated value for σ1(ω → 0) at room temperature. Inset: the
conductivity shown over a much larger energy range. (c) The
temperature dependence of the optical conductivity along the
c axis, which is similar in magnitude to the conductivity along
the a axis. Inset: the conductivity shown over a wide energy
range.
is recovered, σ1(ω → 0) ≡ σdc, allowing comparisons to
be made with transport data. Furthermore, the infrared-
active transverse-optic modes at the center of the Bril-
louin zone may be observed in σ1(ω) as resonances su-
perimposed upon an electronic background (or antires-
onances if strong electron-phonon coupling is present).
The optical properties of FeSb2 have been previously ex-
amined in the a-b planes [6] and along the c axis [7],
revealing a semiconducting response at low temperature
and evidence for electron-phonon coupling.
Results. Crystals of FeSb2 have been prepared by the
usual methods[17, 18]. The reflectance of several single
crystals, with and without a MIT, has been measured
over a wide frequency range (' 3 meV to 4 eV) at a va-
riety of temperatures for light polarized along the a, b,
and c axes [19] (Supplementary Fig. S1). Only naturally-
occurring crystal faces have been examined, although af-
ter an initial measurement the c axis face was polished
to remove some surface irregularities. Polishing broad-
ens the lattice mode(s), but does not otherwise affect the
optical properties. After the optical measurements were
completed, the samples were dismounted and the dc re-
sistivity, ρdc, was measured using a standard four-probe
technique [1] [the dc conductivity, σdc = 1/ρdc, is shown
along the b axis in Fig. 1(b)].
While the reflectance is a tremendously useful quantity,
it is a combination of the real and imaginary parts of the
dielectric function, and as such it is not necessarily intu-
itive or easily understood. It is much simpler to examine
the real part of the optical conductivity, determined from
a Kramers-Kronig analysis of the reflectance, [20] shown
in the infrared region along the a, b, and c axes Figs. 2(a),
(b), and (c) , respectively; the insets show the conduc-
tivity over a much wider frequency range. Interestingly,
the temperature dependence of the reflectance for crys-
tals with and without an MIT is identical in the infrared
region (shown for light polarized along the b axis in Sup-
plementary Fig. S2). Consequently, the low-frequency
optical conductivity in Fig. 2 never shows the initial in-
crease with decreasing temperature that is seen in the
dc conductivity in samples with a MIT; instead, the low-
frequency optical conductivity decreases with tempera-
ture along all three lattice directions, suggesting that no
MIT is present. The apparent dichotomy between the
temperature dependence of the dc resistivity and the op-
tical conductivity in crystals with an MIT [Figs. 1(b)
and S2(a)] indicates that the dc transport properties are
being driven by an impurity band that is sufficiently nar-
row so that its response falls below our lowest measured
frequency.
At room temperature, the real part of the optical con-
ductivity may be described by a simple Drude model
with Fano-shaped Lorentz oscillators to describe possi-
ble electron-phonon coupling,[21]
σ1(ω) =
2pi
Z0
 ω2p τ
(1 + ω2τ2)
+
∑
j
Ω2j
[
γjω
2 − 2(ω2ωj − ω3j )/qj − γjω2j /q2j
]
(ω2 − ω2j )2 + γ2jω2
 , (1)
3where the first term denotes the (Drude) free carriers,
with the square of the plasma frequency ω2p = 4pine
2/m∗
and scattering rate 1/τ , where n and m∗ are the carrier
concentration and effective mass, respectively. The sec-
ond term is a summation of oscillators with position ωj ,
width γj , strength Ωj , and (dimensionless) asymmetry
parameter 1/q2j , that describe the vibrations of the lattice
or bound excitations (interband transitions); Z0 ' 377 Ω
is the impedance of free space, yielding units for the con-
ductivity of Ω−1cm−1. In the 1/q2 → 0 limit a symmetric
Lorentzian profile is recovered; however, as 1/q2 increases
the line shape becomes increasingly asymmetric. The
real part of the optical conductivity along the a and c
axes at 295 K, shown in Figs. 2(a) and (c), respectively,
are similar, with σdc ≡ σ1(ω → 0) ' 1400 Ω−1cm−1.
Along the b axis the optical conductivity at room tem-
perature is higher, with σdc ' 1900 Ω−1cm−1 [Fig. 2(b)].
Fits to the optical conductivity at 295 K describe the
data quite well and yield ωp ' 7690, 6770 and 6480 cm−1,
and 1/τ ' 800, 400 and 490 cm−1 along the a, b, and
c axes, respectively (Supplementary Fig. S3); the opti-
cal conductivity along the b axis at room temperature
is shown in Fig. 3(a). This anisotropy suggests that m∗
is slightly lower along the a axis, and that the larger
value for σdc along the b axis is a consequence of a lower
scattering rate (Supplementary Table 1). As Fig. 2 indi-
cates, the Drude component begins to decrease rapidly in
strength below room temperature, along all three direc-
tions, with a commensurate loss of spectral weight (the
area under the conductivity curve) that is transferred
from low to high frequency [6]. The Drude model may
be used to track the temperature dependence of ωp and
1/τ down to about 75 K, below which the free-carrier
response becomes too small to observe in our measure-
ments. The Drude expression for the dc conductivity,
σdc = 2piω
2
pτ/Z0, decreases rapidly as the temperature is
lowered, suggesting that the transport may be described
by an activation energy Ea using the Arrhenius equation,
σdc ∝ ω2pτ = Ae−Ea/(kBT ), (2)
where Ea = Eg/2. Transport measurements typically
identify two gaps in FeSb2, Eg ' 5 meV below about
20 K, and Eg ' 26 − 36 meV in the 50 − 100 K tem-
perature range [1–4]. The Arrhenius relation describes
the temperature dependence of σdc along all three lattice
directions quite well (see Supplementary Fig. S4), and
yields values for the transport gap of Eg ' 20.6, 19.5
and 24.8±2 meV along the a, b, and c axes, respectively,
in good agreement with the high-temperature values for
the transport gap.
Discussion. While the Drude model with Fano-shaped
Lorentz oscillators is able to reproduce the temperature-
dependence of the optical conductivity along the a and c
axes reasonably well, it fails to describe the sharp feature
that develops along the b axis at low temperature. This
step-like feature is the signature of a van Hove singular-
ity in the density of states. The asymmetric profile in
the real part of the low-temperature optical conductiv-
0 1000 2000
Wave number (cm−1)
0
1000
2000
3000
C
on
du
ct
iv
it
y
(Ω
−1
cm
−1
)
FeSb2 (E‖b)
Data (295K)
Fit
100 200 300
Phonon energy (meV)(a)
(b)
0 1000 2000
Wave number (cm−1)
0
1000
2000
3000
C
on
du
ct
iv
it
y
(Ω
−1
cm
−1
)
Data (5K)
Fit
FeSb2 (E‖b)
0 100 200 300
Photon energy (meV)
Figure 3. Singular behavior in FeSb2. (a) The fit to the real
part of the optical conductivity of FeSb2 along the b axis at
295 K using a Drude (free carrier) component; Lorentzian
oscillators with Fano profiles have been used to describe the
lattice modes, while the interband (bound) excitations are as-
sumed to be symmetric. (b) The fit to the gapped optical con-
ductivity of FeSb2 along the b axis at 5 K using Fano-shaped
Lorentzian oscillators to describe the lattice modes, and sym-
metric profiles for the interband (bound) excitations, in lin-
ear combination with the optical conductivity expected for
a one-dimensional semiconductor with a characteristic 1/
√
w
singularity above the semiconducting optical gap 2∆.
ity resembles the 1/
√
ω singularity response observed in
one-dimensional semiconductors,
σ1D(ω) = σ0
[ √
ω˜2 − 1
(ω˜2 − 1) + ξ2 sin2 γ
]
(3)
where ξ = β2/(1−β2), γ = pi [1/2β2 − 1], and ω˜ = ω/2∆
where 2∆ is the semiconducting optical gap, and β is
the sine-Gordon coupling constant [22]. When this func-
tional form is taken in linear combination with sev-
4Figure 4. Spectral function of FeSb2. (a) First Brillioun
zone and high-symmetry points of FeSb2 for the orthorhom-
bic phase. Quasiparticle band structure near the K point
(0.26b∗ + 0.28c∗) along the (b) a∗ direction; (c) b∗ direction;
(d), c∗ direction. The Brillouin zone cuts are indicated by
the red lines in a.
eral Lorentzian oscillators, the optical conductivity is re-
produced quite well with σ0 = 1730 Ω
−1cm−1, 2∆ =
614 cm−1, and β = 0.75, as shown in Fig. 3(b), clearly
establishing the one-dimensional nature of the optical
properties. The estimate for 2∆ along the b axis con-
siderably larger than Eg; however, it should be noted
that the optical determination of 2∆ probes only direct
transitions between bands due to low momentum trans-
fer. If the material has a direct gap, then the optical and
transport gaps should be similar, Eg ' 2∆; however, in
indirect-gap semiconductors, phonon-assisted transitions
typically result in Eg < 2∆.
The observation of one-dimensional behavior in this ma-
terial is of particular importance as it has been argued
that lowered dimensionality may increase the value of
the Seebeck coefficient [23–25]. Electronic structure cal-
culations can provide insight into the optical proper-
ties of a material. However, density functional theory
(DFT) predicts a metallic rather than a semiconducting
ground state, [12] indicating that a more sophisticated
approach is required. Consequently, first principle calcu-
lations have been performed using a linearized quasipar-
ticle self-consistent GW and dynamical mean field the-
ory (LQSGW+DMFT) approach [26–28] (details are pro-
vided in the Supplementary Information). Figure 4 shows
the low-energy quasiparticle band structure near the K
point (0.26b∗ + 0.28c∗) where the direct bandgap is a
minimum. Here b∗ and c∗ are the reciprocal lattice vec-
tors along the b and c axes. Around the K point, the
calculation shows direct bandgap of ' 80 meV, which is
in a good agreement with the semiconducting optical gap
Table I. The experimentally-observed position (ωj), width
(γj) and strength (Ωj) of the infrared-active lattice modes
in FeSb2 along the a (B3u), b (B2u), and c (B1u) axes at
295 and 5 K, compared with the frequencies and atomic in-
tensities calculated from first principles assuming a Pnnm
(orthorhombic) space group; for all of the modes the asymme-
try parameter 1/q2j . 0.01 (symmetric profiles). The phonon
lifetimes τj ∝ 1/γj . The uncertainties for the fitted position,
width, and strength are estimated to be 1%, 5%, and 10%, re-
spectively. All units are in cm−1, unless otherwise indicated.
Theory Experiment
Character 295 K 5 K
Mode ωcalc Fe Sb ωj γj Ωj ωj γj Ωj
B1u 198 0.81 0.19 191.0 4.2 1030 195.1 1.0 1120
B2u 112 0.09 0.91 106.3 2.0 285 110.2 0.9 267
B2u 234 0.91 0.09 231.0 3.4 608 236.5 1.0 720
B2u 284 0.81 0.19 269.1 5.2 723 276.9 1.3 900
B3u 125 0.10 0.90 120.8 2.1 203 123.4 0.8 229
— — — 191.3 12.9 355 — — —
— — — — — — 220.1 0.8 672
B3u 252 0.98 0.02 242.9 6.1 289 251.2 3.0 130
B3u 260 0.74 0.26 253.7 5.6 743 266.4 1.3 796
of 2∆ ' 76 meV. In addition, low-dimensional behav-
ior is observed near the K point; along the a∗ direction,
quasiparticle bands for the conduction and valence elec-
trons are almost flat, as illustrated by the quasiparticle
band in Fig. 4(b). In contrast, the quasiparticle bands
are dispersive along the b∗ and c∗ directions shown in
Figs. 4(c) and (d). The fact that DMFT is necessary to
generate a low-dimensional quasiparticle spectral func-
tion that is consistent with the semiconducting ground
state indicates that electronic correlations are an essen-
tial ingredient in understanding the anisotropic optical
and transport properties of FeSb2.
We now turn our attention to the equally interesting be-
havior of the infrared-active lattice modes. FeSb2 crys-
tallizes in the orthorhombic Pnnm space group, where c
is the short axis [Fig. 1(a)]. The irreducible vibrational
representation is then Γirr = 2Ag + 2B1g +B2g +B3g +
2Au + B1u + 3B2u + 3B3u, of which only the B1u, B2u
and B3u modes are infrared-active along the c, b, and
a axes, respectively [6]. The temperature dependence of
the real part of the optical conductivity has been pro-
jected onto the wave number versus temperature plane
using the indicated color scales in Figs. 5(a), (b), and
(c) for light polarized along the a, b, and c axes, re-
spectively. The vibrations have been fit using oscillators
with a Fano profile superimposed on an electronic back-
ground at 295 and 5 K (Supplementary Figs. S5, S6, and
S7). The frequencies of the lattice modes at the center
of the Brillouin zone and their atomic characters have
also been calculated using first principles techniques and
are in good agreement with previous results [29, 30] (de-
tails are provided in the Supplementary Information); the
comparison between theory and experiment is shown in
Table 1.
5Figure 5. Infrared-active phonons in FeSb2. (a) The temperature-dependence of the real part of the optical conductivity for
light polarized along the a axis projected onto the wave number versus temperature plane; the color scheme for the conductivity
is shown above the plot. Only three B3u modes are predicted for this symmetry; however, there are four modes at 121, 191,
243 and 254 cm−1 at 295 K. Below about 100 K the 191 cm−1 mode disappears and is replaced by a new, very strong mode at
220 cm−1; all the modes are quite narrow at low temperature (Table 1). The change in the character of the lattice modes below
100 K hints at a weak structural distortion along this direction. (b) The optical conductivity for light polarized along the b
axis projected onto the wave number versus temperature plane. There are three strong B2u modes at 106, 231, and 269 cm
−1
at 295 K that harden and narrow while increasingly slightly in strength at low temperature. (c) The optical conductivity for
light polarized along the c axis projected onto the wave number versus temperature plane. There is one strong B1u mode at
191 cm−1 at 295 K that hardens with decreasing temperature, increasing slightly in strength and narrowing dramatically at
low temperature.
The behavior of the lattice modes are remarkable in sev-
eral ways. Along the a, b and c axes the vibrations have
line widths that are up to an order of magnitude smaller
than the previously reported values [6, 7]; at low temper-
ature all the modes are extremely sharp and several have
line widths of less than 1 cm−1, a result that has also been
observed in some Raman-active modes [31]. The nar-
row line widths imply long phonon lifetimes (τj ∝ 1/γj)
and mean-free paths, consistent with the suggestion of
quasi-ballistic phonons [11, 15], which affect S through
the phonon-drag effect where the phonon current drags
the charge carriers, giving rise to an additional thermo-
electric voltage [32–34]. In addition, while several of
the infrared-active vibrations were previously reported
to have a slightly asymmetric profile at high tempera-
ture [6, 7], in this work all the line shapes appear to be
symmetric (1/q2j ' 0), indicating that electron-phonon
coupling is either very weak or totally absent. The sin-
gle B1u mode along the c axis, and the three B2u modes
along the b axis, shown in Figs. 5(c) and (b), respectively,
increase in frequency (harden) with decreasing tempera-
ture, and are in excellent agreement with the calculated
values (Table 1).
The behavior of the lattice modes along the a axis
in Fig. 5(a) are dramatically different. At room tem-
perature the three modes observed at ' 121, 243 and
254 cm−1 are in good agreement well with the calculated
values for the B3u modes at 125, 252, and 260 cm
−1,
respectively; however, a fourth reasonably strong mode
at 191 cm−1 is also observed that is considerably broader
than the other vibrations. As the temperature is reduced
the mode at 191 cm−1 actually decreases slightly in fre-
quency, while the remaining modes harden. Below about
100 K, the mode at ' 191 cm−1 vanishes and a new, very
strong mode appears at ' 220 cm−1, while at the same
time the modes at 243 and 254 cm−1 both shift to slightly
higher frequencies; the mode at 121 cm−1 shows no signs
of any anomalous behavior [Fig. 5(a) and Fig. S5]. The
fate of the 191 cm−1 mode is uncertain; however, it is
unlikely that it has evolved into the 220 cm−1 mode due
to the large difference in oscillator strengths (Table 1).
It is also unlikely that this is a manifestation of the B1u
mode, which has a comparable frequency, because that
feature does not display the unusual temperature depen-
dence of the mode observed along the a axis, nor is there
any evidence of it along the b axis. The dramatic change
in the nature of the lattice modes along the a axis at
precisely the temperature where the resistivity begins to
increase dramatically suggests there is a weak structural
distortion or phase transition.
Summary. To conclude, the temperature dependence
of the optical and dc transport properties of single crys-
tals of FeSb2, both with and without a MIT, have been
examined over a wide temperature and spectral range,
along all three lattice directions. While the temperature
dependence of the optical properties are essentially iden-
tical in the two types of crystals, the dc transport prop-
erties are dramatically different. This dichotomy can be
6explained by the presence of a sample-dependent impu-
rity band that lies below the optical measurements. The
optical conductivity in both types of crystals reveals an
anisotropic response at room temperature, and singular
behavior at low temperature along the b axis, demon-
strating a one-dimensional semiconducting response with
2∆ ' 76 meV, in agreement with ab inito calculations.
The lattice modes along the b and c axes have sym-
metric profiles which narrow and harden with decreas-
ing temperature, and their positions are in good agree-
ment with first principles calculations. However, along
the a axis there is an extra mode above 100 K; be-
low this temperature the resistivity increases rapidly and
the high-frequency vibrational modes undergo significant
changes that hint a weak structural distortion or transi-
tion. Transport studies along this direction may shed
light on the nature of this peculiar behavior. Although
electron-phonon coupling is apparently either very weak
or totally absent in this material, the fact that DMFT is
required to reproduce the semiconducting ground state
and anisotropic response indicates that electronic corre-
lations play an important role in the optical and trans-
port properties. While the extremely narrow phonon line
shapes support the phonon-drag explanation of the high
thermoelectric power, electronic correlations and the low-
dimensional behavior along the b axis may also enhance
the Seebeck coefficient [23–25], making it likely that both
contribute to the extremely high thermopower observed
in FeSb2.
Methods. The temperature dependence of the abso-
lute reflectance was measured at a near-normal angle of
incidence using an in situ evaporation method [19] over a
wide frequency range on Bruker IFS 113v and Vertex 80v
spectrometers. In this study mirror-like as-grown faces of
single crystals have been examined. After an initial mea-
surement, the c-axis face was determined to have a minor
surface irregularity, so it was was polished and remea-
sured. Polishing broadens the lattice mode somewhat,
but the electronic properties were not affected. The tem-
perature dependence of the reflectance was measured up
to ' 1.5 eV, while polarization studies were conducted
up to at least 3 eV. The complex optical properties were
determined from a Kramers-Kronig analysis of the re-
flectance [20]. The Kramers-Kronig transform requires
that the reflectance be determined for all frequencies,
thus extrapolations must be supplied in the ω → 0,∞
limits. In the metallic state the low frequency extrapola-
tion follows the Hagen-Rubens form, R(ω) ∝ 1 − √ω,
while in the semiconducting state the reflectance was
continued smoothly from the lowest measured frequency
point to R(ω → 0) ' 0.64 and 0.68 along the a and
c axes, respectively, and ' 0.74 along the b axis. The
reflectance is assumed to be constant above the highest
measured frequency point up to ' 8 × 104 cm−1, above
which a free electron gas asymptotic reflectance extrap-
olation R(ω) ∝ 1/ω4 is employed [35].
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REFLECTANCE
The reflectance has been measured along the a, b, and c axes at a near-normal angle of incidence over a wide
temperature and frequency range using an overfilling technique [1], shown in Figs. S1(a), (b), and (c), respectively.
At room temperature, the reflectance is characteristic of a poor metal along all three lattice directions, although
along the b axis the reflectance is noticeably higher than the other two directions, indicating an anisotropic response.
The infrared-active lattice modes are only weakly visible at high temperature; however, as the temperature is low-
ered the low-frequency reflectance decreases, signaling an increasingly insulating response and the sharp, unscreened
lattice modes come to dominate the infrared reflectance. Interestingly, a sharp upturn may still be observed in the
reflectance at low-frequency even at ' 50 to 75 K, indicating that free carriers are still present [in a metallic system,
R(ω → 0) = 1]. Along the a axis there is a significant change in the vibrational properties below about 100 K,
suggesting a weak structural distortion or transition. While this behavior is not observed along the b axis, an unusual
cusp-like feature at about 600 cm−1 develops at low temperature. Finally, the temperature dependence along the c
axis is similar to that observed along a; however, only one strong lattice mode is observed in this direction at low
temperature.
PRINCIPAL OPTICAL AXES
Samples with a metal-insulator transition (MIT) are observed to grow with well defined rectangular a-b crystal
faces with good, optical-quality surfaces. The long growth direction is the b axis, and the perpendicular direction
is the a axis (verified using x-ray diffraction). Samples without a MIT still possess mirror-like optical surfaces, but
there are no clear growth directions or crystal edges suitable for determining an orientation. In samples with a MIT,
at low temperature it was noted that along the a axis the low-frequency B3u mode is located at ' 123 cm−1, and
along the b axis the low-frequency B2u mode is about 13 cm
−1 lower at ' 110 cm−1. In samples without a MIT, an
a-b face could be isolated and then the polarization dependence of the low-frequency mode in the reflectance studied
at low-temperature. By determining those polarization where only the B2u or B3u low-frequency mode is active,
it is possible to determine the directions of the a and b axes; using different polarizers but the same orientation,
the polarization dependence of the reflectance may then be examined over a wide spectral region. In both types of
crystals, the c axis may also be determined in this manner by selecting the polarization in which only the strong B1u
phonon is active.
REFLECTANCE OF SAMPLES WITH AND WITHOUT A MIT
The reflectance of crystals with and without a MIT has been measured. The temperature dependence the reflectance
of a single crystal of FeSb2 with a MIT (R046) for light polarized along the b axis is shown in Fig. S2(a); opposite
this figure is the temperature dependence of the reflectance of a single crystal of FeSb2 without a MIT (R472). for
light polarized along the b axis, Fig. S2(b). A casual inspection reveals that despite the different resistivity curves in
Fig. 1(b) in the main text, the reflectance curves for the two crystals are essentially identical.
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Figure S1. Reflectance of FeSb2. (a) The temperature dependence of the reflectance over a wide frequency range for light
polarized along the a axis. Inset: The reflectance shown in the low-frequency region, revealing that below about 100 K there
is a dramatic change in the nature of the lattice modes. (b) The reflectance for light polarized along the b axis, showing the
emergence of an unusual cusp-like feature at ' 600 cm−1 at low temperature. Inset: The reflectance shown in the low-frequency
region. (c) The reflectance for light polarized along the c axis. Inset: The low-frequency reflectance showing the emergence of
the single strong lattice mode.
10
0.4
0.5
0.6
0.7
0.8
0.9
R
efl
ec
ta
nc
e
0 100 200 300 400 500
Wave number (cm−1)
(a) FeSb2, E‖b
R046 (MIT)
295K
200K
150K
125K
100K
75K
50K
5K
0 10 20 30 40 50 60 70
Photon energy (meV)
0.4
0.5
0.6
0.7
0.8
0.9
R
efl
ec
ta
nc
e
0 100 200 300 400 500
Wave number (cm−1)
(b) FeSb2, E‖b
R472 (no MIT)
295K
200K
150K
125K
100K
75K
50K
5K
0 10 20 30 40 50 60 70
Photon energy (meV)
Figure S2. Infrared reflectance in materials with and without a MIT. The temperature dependence of the reflectance for light
polarized along the b axis in crystals (a) with (R046), and (b) without (R472) a MIT.
DRUDE-LORENTZ MODEL
At room temperature the Drude-Lorentz model for the dielectric function describes the optical conductivity quite
well,
˜(ω) = ∞ −
ω2p,D
ω2 + iω/τD
+
∑
j
Ω2j
ω2j − ω2 − iωγj
, (S1)
where ∞ high-frequency contribution to the real part of the dielectric function. In the first term ω2p,D = 4pine
2/m∗
and 1/τD are the square of the plasma frequency and scattering rate for the delocalized (Drude) carriers, respectively,
and n and m∗ are the carrier concentration and effective mass. In the summation, ωj , γj and Ωj are the position,
width, and strength of a symmetric Lorentzian oscillator that describe the jth vibration or bound excitation. The
complex conductivity is σ˜(ω) = σ1 + iσ2 = −2piiω[˜(ω) − ∞]/Z0 (in units of Ω−1cm−1), where Z0 ' 377 Ω is the
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Figure S3. Drude-Lorentz fits. The Drude-Lorentz fits to the real part of the optical conductivity in FeSb2 at 295 K along the
a, b, and c axis, respectively, where the individual Drude and Lorentz contributions are shown (see Table I). The sharp features
are the infrared-active lattice modes.
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Figure S4. Activation energies. The estimate of the transport gap Eg from the natural log of the Drude expression of the dc
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impedance of free space. The real part of the optical conductivity is given by
σ1(ω) =
2pi
Z0
 ω2p τ
(1 + ω2τ2)
+
∑
j
ω2γjΩ
2
j
(ω2j − ω2)2 + γ2jω2
 . (S2)
Fits to the real part of the optical conductivity along the a, b, and c axis at 295 K are shown in Fig. S3. The Drude
component may be tracked down to roughly 75 K. The Drude parameters determined from the fits are listed in Table I.
ACTIVATION ENERGIES
The Drude expression for the dc conductivity, σdc = 2piω
2
pτ/Z0, decreases rapidly below room temperature along all
three lattice directions, as indicated in Table I. This suggests that the transport may be described by the Arrhenius
equation σdc ∝ ω2pτ = Ae−Ea/(kBT ), or ln (σdc) = −Ea/(kBT ), where the activation energy Ea = Eg/2. Using the
temperature dependence of σdc determined from the Drude parameters along the three lattice directions in Table 1, it
is possible to estimate transport gaps of Eg = 20.6, 19.5, and 24.8± 2 meV from linear regressions, shown in Fig. S4.
INFRARED-ACTIVE VIBRATIONAL MODES
The Lorentz oscillators discussed in the previous section display a symmetric profile; however, in previous optical
studies it was argued that several of the infrared-active lattice modes had asymmetric line shapes, which was taken
as evidence of electron-phonon coupling [2, 3]. Accordingly, we have fit the infrared-active lattice modes using an
asymmetric Fano profile. The real and imaginary parts of the optical conductivity are [4]
σ1(ω) =
2pi
Z0
Ω20
[
γ0ω
2 − 2(ω2ω0 − ω30)/q0 − γ0ω20/q20
]
(ω20 − ω2)2 + γ20ω2
, (S3)
and
σ2(ω) =
2pi
Z0
ωΩ20
[
(ω2 − ω20) + 2γ0ω0/q0 + (ω20 − ω2 − γ20)/q20
]
(ω20 − ω2)2 + γ20ω2
, (S4)
where ω0, γ0 and Ω0 are the position, width, and strength of the vibration, respectively, and the asymmetry is
described by the dimensionless parameter 1/q0 = ωq/ω0. Note that for finite ω0, in the ωq → 0 (or 1/q20 → 0) limit,
a Lorentz oscillator is recovered; however, as 1/q20 increases the line shape becomes increasingly asymmetric. The
oscillators are superimposed on an electronic background that is described by the Drude-Lorentz model; the real and
imaginary parts of the optical conductivity are fit simultaneously using a non-linear least-squares technique.
The results of the Fano fits to the complex conductivity for light polarized along the a axis are shown in Fig. reffig:ella
at 295 and 5 K. At room temperature there are four modes at ' 121, 191, 243, and 254 cm−1 superimposed upon an
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Figure S5. Fano fits along the a axis. The Fano fits to the (a) real and (b) imaginary parts of the optical conductivity of
FeSb2 at 295 K for light polarized along the a axis, and the same fits for the (c) real and (d) imaginary parts at 5 K. Note
the dramatic change in the nature of the lattice modes at low temperature as the vibration at ' 191 cm−1 has been replaced
by a very strong mode at ' 220 cm−1; all the modes narrow dramatically at low temperature. The results are summarized in
Table 1 in the main text.
electronic background, shown in Figs. S5(a) and (b); the mode at ' 191 cm−1 is broader than the other modes. At
5 K there are still four modes but the electronic background has been removed due to the formation of an optical gap,
shown in Figs. S5(c) and (d). The mode at ' 191 cm−1 has been replaced by a very strong mode at ' 220 cm−1.
All the vibrations have narrowed significantly, and are much narrower than previously reported[2, 3], although it has
been noted that at low temperature the Raman-active modes have comparable line widths[5]; none of these modes
display any significant asymmetry.
The results of the Fano fits to the complex conductivity for light polarized along the b axis are shown in Fig. S6
at 295 and 5 K. At room temperature, Figs. S6(a) and (b), there are three modes superimposed upon an electronic
background, of which only the low-frequency mode displays any hint of an asymmetry. At low temperature Figs. S6(c)
and (d), the electronic background has been removed and the three modes are now extremely narrow; none of these
modes display any asymmetry.
The results of the Fano fits to the complex conductivity for light polarized along the c axis are shown in Fig. S7 at
13
2
3
4
σ
1
(ω
)
(1
03
Ω
−
1
cm
−
1
)
(a) FeSb2, E‖b
295K
ω1 = 106.3cm
−1
γ1 = 2.0cm
−1
Ω1 = 285cm
−1
1/q21 ≃ 0.05
data
fit
bkgd
10 20 30 40
Photon energy (meV)
−1
0
1
σ
2
(ω
)
(1
03
Ω
−
1
cm
−
1 )
100 150 200 250 300
Wave number (cm−1)
(b)
ω2 = 231.0cm
−1
γ2 = 3.4cm
−1
Ω2 = 608cm
−1
1/q22 ≃ 0.00
ω3 = 269.1cm
−1
γ3 = 5.2cm
−1
Ω3 = 723cm
−1
1/q23 ≃ 0.00
0
2
4
6
8
σ
1
(ω
)
(1
03
Ω
−
1
cm
−
1
)
(c) FeSb2, E‖b
5K
ω1 = 110.2cm
−1
γ1 = 0.9cm
−1
Ω1 = 267cm
−1
1/q21 ≃ 0.00
data
fit
bkgd
10 20 30 40
Photon energy (meV)
−4
−2
0
2
4
σ
2
(ω
)
(1
03
Ω
−
1
cm
−
1
)
100 150 200 250 300
Wave number (cm−1)
(d)
ω2 = 236.5cm
−1
γ2 = 1.0cm
−1
Ω2 = 720cm
−1
1/q22 ≃ 0.00
ω3 = 276.9cm
−1
γ3 = 1.3cm
−1
Ω3 = 900cm
−1
1/q23 ≃ 0.00
Figure S6. Fano fits along the b axis. The Fano fits to the (a) real and (b) imaginary parts of the optical conductivity of
FeSb2 at 295 K for light polarized along the b axis, and the same fits for the (c) real and (d) imaginary parts at 5 K. At low
temperature, the modes have narrowed dramatically; however, unlike the a axis, there are only minor changes in the nature of
the modes. The results are summarized in Table I in the main text.
295 and 5 K for an unpolished sample, which was initially investigated in the far-infrared region, and then subsequently
polished. Polishing broadens the vibrational modes by about 30 − 40%. For the vibrational fits, the low-frequency
data for the unpolished sample was merged with the high-frequency data for the polished sample in order to perform
a Kramers-Kronig analysis, allowing the vibrational features to be studied in the absence of mechanical damage to
the surface that result from polishing. At room temperature, Figs. S7(a) and (b), there is only one strong mode
superimposed upon an electronic background. At low temperature, Figs. S7(c) and (d), the electronic background
has been removed due to the formation of an optical gap and the mode is now very narrow; however, the strength
has not changed appreciably. This mode displays little or no asymmetry. The results of these fits are summarized in
Table 1 in the main text.
SPECTRAL FUNCTIONS
To understand the one-dimensional nature of optical properties at low-temperature, we calculated spectral function
of FeSb2 in the orthorhombic phase within LQSGW+DMFT [6] using COMSUITE [7]. We do a self-consistent QSGW
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Figure S7. Fano fits along the c axis. The Fano fits to the (a) real and (b) imaginary parts of the optical conductivity of
(unpolished) FeSb2 at 295 K for light polarized along the c axis, and the same fits for the (c) real and (d) imaginary parts at
5 K. There is only one strong mode active in this direction; at low temperature this mode has narrowed dramatically; however,
this is little or no evidence of any asymmetry. The results are summarized in Table I in the main text.
calculation and then calculate the local self-energy using DMFT with static Ud and JH without feedback to a non-local
self-energy within GW. For the DMFT step, we choose a very localized orbital spanning a large energy window, which
contains the most strongly hybridized bands, as well as upper and lower Hubbard bands. For the GW calculation the
FlapwMBPT code was used [8–10]. We have used the room temperature atomic positions [11] (a = 5.83 A˚, b = 6.54 A˚,
and c = 3.20 A˚). The following parameters for the basis set are used. Muffin-tin (MT) radii (RMT) in units of the
Bohr radius are 2.6 for Fe and 2.2 for Sb. Wave functions are expanded in spherical harmonics with l up to 4 for Fe
and 4 for Sb in the MT spheres, and by plane waves with the energy cutoff determined by RMTFe×kmax = 8.1 in the
interstitial (IS) region. The Brillouin zone was sampled with 4 × 4 × 8 k-point grid. The product basis is expanded
by spherical harmonics with l up to lmax = 6 in the MT spheres and RMTFe × kmax = 11.4 in IS region. Unoccupied
states with an energy up to 200 eV from the Fermi energy are taken into account for the polarizability and self-energy
calculations. Spin-orbit coupling was not included. Within the DMFT loop we use a Wannier-interpolated MQSGW
band structure using a maximally localized Wannier function (MLWF) [12], and then constructed a local projector in
a 15× 15× 15 k-grid in the energy window EF ± 8 eV, where EF is the Fermi level. The static Ud and JH associated
with constructed Fe-d projectors are evaluated by a modification of the constrained random phase approximation
method [6, 13] which avoids screening by the correlated as well as the hybridized bands. We divide the dynamic
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Table I. The temperature dependence of the Drude plasma frequency (ωp) and scattering rate (1/τ) returned from the fit of
the Drude-Lorentz model to the real part of the optical conductivity in FeSb2 along the a, b, and c axes. All units are in cm
−1,
unless otherwise noted.
E ‖ a E ‖ b E ‖ c
T (K) ωp 1/τ ωp 1/τ ωp 1/τ
295 7687 799 6765 400 6475 487
200 5674 508 5464 346 5085 420
150 3971 281 3643 205 3239 237
125 3087 195 2720 120 2356 146
100 2060 110 1899 86 1555 84
75 1154 60 1087 31 859 39
polarizability within the MQSGW approximation χQP into two parts, χQP = χ
low
QP + χ
high
QP . Here, χ
low
QP is defined by
all transitions between the states in the low-energy Hamiltonian constructed by MLWFs. Using χhighQP , we evaluate the
partially-screened Coulomb interaction U−1(r, r′, k, iωn) = V −1(r, r′, k, iωn)−χhighQP (r, r′, k, iωn) and parameterize the
static Ud = 4.8 eV and JH = 1.0 eV by Slater’s integrals [14, 15] where V is bare Coulomb interaction. The Feynman
graphs included in both MQSGW and DMFT (double counting) are the local Hartree and local GW diagram; they
are computed using the local projection of the MQSGW Green’s function and the local Coulomb matrix constructed
from Slater’s integrals.
LATTICE DYNAMICS
The total energy of FeSb2 for the orthorhombic (Pnnm) phase was calculated using density functional theory
(DFT) with the generalized gradient approximation (GGA) using the full-potential linearized augmented plane-wave
(FP-LAPW) method [16] with local-orbital extensions[17] in the WIEN2k implementation [18]. An examination of
different Monkhorst-Pack k-point meshes indicated that a 4× 3× 7 k-point mesh with Rmtkmax = 8 was sufficient for
good energy convergence. Beginning with the experimental unit cell [11], the lattice parameters are adjusted and the
total energy calculated for each structure; the lowest total energy in this phase space corresponds to the most stable
geometry. The atomic fractional coordinates were then relaxed with respect to the total force, typically resulting in
residual forces of less than 0.1 mRy/a.u. per atom. This procedure was repeated until no further improvement was
obtained. The relaxed unit cell parameters of 5.82, 6.52 and 3.17 A˚ for the a, b, and c axes, respectively, are only
slightly smaller than the experimentally observed values of 5.83, 6.53, and 3.20 A˚; the fractional coordinates for Sb
(x, y, 0) with x = 0.1895 and y = 0.3536 are in good agreement with the experimental values of x = 0.1885 and
y = 0.3561 [due to symmetry constraints, the fractional coordinates for the Fe atom are kept fixed at (0, 0, 0)]. The
lattice vibrations have been determined using the direct method, also known as the frozen-phonon technique. To
determine the phonons at the zone center, a 1 × 1 × 1 supercell is sufficient. To obtain a complete set of Hellmann-
Feynman forces, a total of 6 independent displacements are required; because there are always some residual forces at
the atomic sites we have considered symmetric displacements, which doubles this number, resulting in a total of 12
atomic displacements. In this case, displacement amplitudes of 0.03 A˚ were used; typical values for the displacements
range from 0.02 to 0.06 A˚. The calculations have converged when the successive changes for the forces on each atom
are less than 0.01 mRy/a.u. The residual forces are collected for each set of symmetric displacements and a list
of the Hellmann-Feynman forces are generated. Using the program PHONON [19] the cumulative force constants
deconvoluted from the Hellmann-Feynman forces are introduced into the dynamical matrix, which is then diagonalized
in order to obtain the phonon frequencies. The atomic intensities are further calculated to describe the character of
the vibration; in this case the intensity refers to the square of the vibrational amplitude of each atom for a given
mode.
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